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Antiferromagnetic hexagonal MnTe is a promising material for spintronic devices relying on the
control of antiferromagnetic domain orientations. Here we report on neutron diffraction, magneto-
transport, and magnetometry experiments on semiconducting epitaxial MnTe thin films together
with density functional theory (DFT) calculations of the magnetic anisotropies. The easy axes of
the magnetic moments within the hexagonal basal plane are determined to be along 〈11¯00〉 direc-
tions. The spin-flop transition and concomitant repopulation of domains in strong magnetic fields is
observed. Using epitaxially induced strain the onset of the spin-flop transition changes from ∼ 2 T
to ∼ 0.5 T for films grown on InP and SrF2 substrates, respectively.
I. INTRODUCTION
Antiferromagnets (AFMs) have recently attracted con-
siderable attention in the context of spintronic devices1,2
not only as passive components (e.g. pinning layers in
magnetic tunnel junctions) but also directly as a medium
to store information.3 One of the key requirements for
magnetically ordered materials to provide device func-
tionality is the possibility to manipulate the magnetic
moments. Albeit not straightforward for AFMs (at least
in comparison to ferromagnets), this turns out to be pos-
sible in several ways4–7. For example spin orbit torques
either induced by interfaces5 or by the inverse spin gal-
vanic effect inside the antiferromagnet6 can be used to
manipulate antiferromagnetic states. Further, field cool-
ing through the Ne´el temperature4,7 or high magnetic
fields applied in the antiferromagnetic state7 were shown
to manipulate the domain population. For this purpose,
as well as for detection and stability of ordered magnetic
states, magnetic anisotropies (MAs) have to be consid-
ered carefully, which is the aim of this work.
One of the main advantages of using AFMs instead
of ferromagnets in spintronics is the availability of a
broad variety of intrinsic antiferromagnetic semiconduc-
tors. They allow for merging the vast amount of spin-
tronic effects with electrical controlled transport proper-
ties of a semiconductor. Among them, hexagonal man-
ganese telluride (MnTe) had already been extensively
studied well before the advent of spintronics, in nineteen-
sixties and -seventies, for its optical8 or magnetical9 prop-
erties. It has a relatively high Ne´el temperature (TN) of
310 K10 and a moderate band gap of 1.27 to 1.46 eV.7,11
Typically MnTe is a p-type semiconductor but inten-
tional doping with sodium or chromium can tune the
resistivity over a wide range.12 The magnetic structure
of MnTe was determined from neutron diffraction and
consists of ferromagnetic hexagonal Mn planes which
are antiferromagnetically coupled along the c-axis.13–16
The determination of magnetic moment of Mn atoms
was a subject of several experimental works (see the
summary in Ref. 13), the scatter being relatively large
(from values close to 5µB all the way down to almost
4µB) and moreover, the easy axis was not determined.
Neither spin-wave measurements by inelastic neutron
diffraction could resolve the MA within the hexagonal
c-plane17 although this MA is certainly present as im-
plied by torque magnetometry9 and recent anisotropic
magneto-resistance measurements7. Both measurements
have shown that three distinct orientations of domains
exist within the hexagonal plane. The possibility to
change the domain population almost continuously7 also
affords memristive behavior18–20 to MnTe-based devices.
Although bulk materials were explored first, the at-
tention turned later to thin layers grown on various sub-
strates, leading to the discovery of a new MnTe phase.
Apart from the hexagonal phase (NiAs-type, α-phase,
P63/mmc (194), Fig. 1(a)) which is stable in bulk form,
2zinc-blende MnTe films with a larger optical band gap
and much lower Ne´el temperature21 was found to be epi-
taxially stabilized on GaAs substrates with and with-
out CdTe buffer layer22–24. Epitaxial thin film growth of
the hexagonal α-MnTe phase, which is the topic of this
work, was demonstrated on single crystalline SrF2(111),
InP(111),7 and Al2O3(0001)
16,25,26 substrates as well as
on amorphous Si(111)/SiO2
27. Due to lattice and ther-
mal expansion coefficient mismatch between α-MnTe and
the substrates, films will experience strain that may af-
fect the magnetic properties such as MAs. For example,28
the dilute magnetic semiconductor (Ga,Mn)As is known
to have an in-plane MA under compressive strain and an
out-of-plane MA for tensile strain under suitable condi-
tions. Here we study the MAs in MnTe on different sub-
strates, which cause different strain states. The knowl-
edge of the easy axis directions is crucial for transport
phenomena modeling, which has so far relied only on
assumptions.7 As far as the easy axis directions are con-
cerned, we confirm these assumptions using DFT+U cal-
culations combined with experiments. Using magneto-
transport, magnetometry and neutron diffraction, we
determine the easy axes to be along 〈11¯00〉 and show
in what respect MAs are sensitive to epitaxy–induced
strain.
The paper is organized as follows. After introduc-
tion of the results of DFT+U calculations in Sec. II, we
describe our samples structure and basic magnetometry
characterization in Sec. III. Section IV presents our neu-
tron diffraction experiments; section V complementary
magneto-transport studies. Further magnetometry ex-
periments determining the spin-flop field are presented
in Sec. VI. Finally, we conclude in Sec. VII.
II. MAGNETIC ANISOTROPY
CALCULATIONS
The magnetic anisotropy energy (MAE) in antiferro-
magnets comprises two main contributions: the dipole
term and the magnetocrystalline anisotropy (MCA). In
order to calculate the latter, we use the relativistic
version of the rotationally invariant DFT+U method29
which takes into account spin-orbit coupling, and non-
diagonal in spin contributions into the occupation ma-
trix. The full-potential linearized augmented plane-wave
(FLAPW)30 basis is used in the self-consistent total en-
ergy calculations. We use U = 4 eV and J = 0.97 eV pa-
rameters taken from a similar compound of manganese31.
The dipole term is a classical contribution from dipole-
dipole interaction of localized magnetic moments32. For
coherent rotations of the two AFM sublattices which
strictly maintain their antiparallel alignment, e.g. one
which interpolates between the two magnetic configura-
tions shown in Fig. 1, the dipole term depends in general
on the rotation angle. This dependence is absent for cu-
bic crystals but present in MnTe since the crystal symme-
try of the NiAs-structure is lower. This causes that the
a [nm] 0.408 0.411 0.414 0.417 0.408 0.408
c [nm] 0.670 0.670 0.670 0.670 0.650 0.689
E[0001] − E[112¯0] 0.20 0.24 0.23 0.22 0.28 0.12
E[11¯00] − E[112¯0] −0.01 0.03 0.01 0.04 0.05 −0.01
TABLE I. The total MAE, Edipole + EMCA in meV per unit
cell for different lattice parameters. The Ne´el vector direc-
tions with respect to the crystal are given as subscript of the
energies, showing the preferential magnetic moment orienta-
tion in the c-plane.
energy of the dipole-dipole interaction of the structure
in Fig. 1(b), with magnetic moments aligned along the
c-axis is higher than that of any structure with magnetic
moments oriented in the hexagonal basal plane (c-plane),
e.g. Fig. 1(a).
For lattice constants a = 0.4134 nm and c = 0.6652 nm
(experimentally determined at 5 K / see Sec. III,
Fig. 3(a,b)), we obtain that Mn atoms carry the mag-
netic moments of 4.27 µB (spin MS = 4.25 µB plus or-
bital ML = 0.02 µB magnetic moments). The energy
difference of the two different configurations shown in
Fig. 1 from the dipole term Edipole is calculated to be
0.135 meV per unit cell, favoring the alignment in the
c-plane. This contribution to MAE is only weakly depen-
dent on strain or relevant lattice distortions and gives no
anisotropy within the c-plane.
The DFT+U calculations of the MCA are much more
involved but, rather generally, a clear picture emerges
of moderately large out-of-plane anisotropy and small
anisotropies within the c-plane. For the lattice constants
quoted above, an energy difference between configura-
tions in Fig. 1(a) and Fig. 1(b) of 0.11 meV per unit cell
is calculated again favoring the alignment in the c-plane.
The anisotropy within the c-plane, defined as the energy
difference between the magnetic structure in Fig. 1(a)
and one with magnetic moments rotated by 90◦ in the c-
plane, is small and at the edge of the accuracy (10 µeV)
of the calculation in this particular case.
To model actual conditions in our experiments, we per-
form zero temperature calculations of EMCA for various
choices of lattice constants (see Tab. I). Adding the MCA
to the dipole term, we can conclude that (a) the out-of-
plane MAE is typically between 0.2 and 0.3 meV per unit
cell (two formula units), favoring the moments within
the c-plane, and (b) the anisotropy within the c-plane
is typically an order of magnitude smaller. For calcula-
tions under changing c/a-ratio shown in Tab. I, the MAE
within the c-plane is always smaller than the out-of-plane
MAE (even for the extreme choice of lattice constants
with c = 0.689 nm, see Tab. I, the latter is greater than
0.1 meV per unit cell), the MAE within the c-plane ex-
hibits no clear trend upon unit cell deformation and it
even changes sign. In order to unambiguously determine
anisotropies within the c-planes, it is therefore advisable
to resort to experiments.
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FIG. 1. Sketch of the atomic and possible magnetic structures
of antiferromagnetic hexagonal MnTe. (a) In-plane/c-plane
(ground state) and (b) out-of-plane/c-axis (hard axis) orien-
tation of the magnetic moments of Mn with the Ne´el vector
~L along 〈11¯00〉 and 〈0001〉 are shown. The hexagonal basal
plane, i. e. the c-plane is indicated by a gray plane, while
red, green, and blue arrows show the directions of the unit
cell axes.
III. SAMPLE STRUCTURE AND
MAGNETOMETRY
A. Sample growth and structure
Single crystalline hexagonal MnTe epilayers were
grown by molecular beam epitaxy on single crystalline
SrF2(111) and In-terminated InP(111)A substrates us-
ing elemental Mn and Te sources. Both types of sub-
strates have a cubic structure (CaF2 and zinc blende,
respectively) with lattice parameters of a0 = 0.57996
nm for SrF2 and 0.58687 nm for InP at room temper-
ature. However, the respective surface lattice constants
of the (111) surfaces (a0/
√
2) of 0.410 nm and 0.415 nm
are very close to the hexagonal a lattice constant of α-
MnTe (a = 0.414 nm and c = 0.671 nm33). Thus, both
types of substrates are very well suited for MnTe growth
with a lattice mismatch of less than 1% in both cases
which resulted in single crystalline films with epitax-
ial interface between film and substrate7. Indeed two-
dimensional growth of α-MnTe is achieved at the used
substrate temperatures in the range of 370-450◦C as in-
dicated by the streaked reflection high-energy electron
diffraction (RHEED) patterns observed during growth
as shown in Fig. 2(a,b). The resulting film morphology
can be seen in the atomic force microscopy images in
Fig. 2(c,d). In both cases a root mean square rough-
ness of ∼ 1 nm is observed. From X-ray diffraction
measurements shown in Fig. 2(e-g), we find that the
MnTe layers grow with the c-axis perpendicular to the
(111) substrate surfaces with an epitaxial relationship of
(0001)[11¯00]MnTe||(111)[112¯]SrF2/InP, which corresponds
to hexagon-on-hexagon like matching. Thus we refer to
the c-axis as out-of-plane direction and all perpendicu-
lar directions including 〈101¯0〉 and 〈112¯0〉, i.e. within
the c-plane, are called in-plane directions. Note that we
use the Miller indices hkl to denote cubic and Bravais
indices hkil with i = −h − k to denote the hexagonal
lattice points/directions and that crystallographic direc-
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FIG. 2. Reflection high-energy electron diffraction (RHEED)
patterns of 50 nm and 2500 nm thick epitaxial MnTe films
on InP(111)A (a) and SrF2(111) (b), respectively, recorded
along the [1¯10] zone axis. Atomic force microscope images
for MnTe films on InP(111)A and SrF2(111) are shown in
panels (c,d). X-ray diffraction reciprocal space maps around
the (135) substrate Bragg reflection of the samples are shown
in (c) and (d). Due to the epitaxial relationship the (112¯6)
Bragg reflection of MnTe is seen close to the substrate peaks.
Panel (e) shows the symmetric radial scan for MnTe on InP
(black) and MnTe on SrF2 (red). For clarity the trace of
MnTe on SrF2 was scaled by a factor of 20. The inset shows a
zoom around the (222) substrate Bragg peaks and the broader
(0004) Bragg peaks of the MnTe epilayer. Data in panels (c-
e) are recorded at room temperature where due to different
strain states the Bragg peak position of the films is slightly
different for the two used substrate materials.
tions refer to the corresponding real space directions. In
addition, no traces of secondary MnTe phases are found
in the wide range diffraction scans in Fig. 2(g).
From reciprocal space maps as shown in Fig. 2(e,f)
the in-plane and out-of-plane lattice constants of the epi-
layers a and c were determined. For all MnTe films on
SrF2 (111) thicker than 50 nm, we generally find that
the in-plane lattice constant is very close the MnTe bulk
value indicating that the films are nearly fully relaxed.
On the contrary, the films on InP (111) exhibit an in-
4plane lattice constant larger than bulk MnTe in spite
of the closer lattice matching. This is explained by the
different thermal expansion coefficients of the film and
the substrate. Above room temperature, the thermal ex-
pansion coefficient of SrF2 is 2.0 × 10−5K−1 (Ref. 34),
which is only 20% larger than the value of 1.62×10−5K−1
(Ref. 35) of MnTe, for which reason the cooling of the
sample from the growth temperature to room tempera-
ture does not induce a significant thermal strain in the
films due to nearly the same thermal contraction. Con-
versely, the thermal coefficient of InP of 0.5 × 10−5K−1
(Ref. 36) is about three times smaller than that of MnTe
and therefore, the cooling to room temperature induces a
significant tensile strain in the epilayers exceeding 0.5%.
Thus, MnTe films on InP are subject to bi-axial tensile
strain whereas those on SrF2 are nearly fully relaxed. For
µm thick MnTe films of InP, the large thermal expansion
mismatch stress leads to the formation of microcracks in
the films as well as partial delamination. For this reason,
only thick films on SrF2 were used for our neutron diffrac-
tion investigations. For the investigations of the mag-
netic anisotropy of the films on InP the films thickness
was restricted to 50 nm and therefore magneto transport
measurements instead of neutron diffraction were used.
The different thermal expansion of the layers and sub-
strates will also modify the strain state of the MnTe films
at low temperatures (neutron diffraction and magneto-
transport investigations are performed at liquid Helium
temperatures). Therefore, we measured in addition the
temperature dependence of the lattice parameters by X-
ray diffraction as shown in Fig. 3(a,b). When cooled from
room-temperature, the in-plane lattice constant a of both
films on SrF2 and InP basically follows the change of the
scaled substrate lattice parameter which is also plotted
in Fig. 3(a) by the dashed and dash-dotted lines. This
means that the in-plane strain of the MnTe film on InP
even increases, whereas only small changes occur on SrF2.
Note that the scaling of the substrate surface lattice pa-
rameters by around 1% indicates the relaxation of the
epitaxial films during growth. At liquid He temperatures
the in-plane lattice constant of the MnTe films differs by
as much as 1.0% for the different substrates. This leads
also to a different evolution of the out-of-plane c axis lat-
tice constant of the films on InP and SrF2 as shown in
Fig. 3(b). Our theoretical calculations in Tab. I indicate
that while the out-of-plane MAE remains dominant upon
such variations of strain, the in-plane MAE may change
substantially, potentially even to the point that the di-
rection of the easy axis (within the basal plane) changes.
B. Magnetometry
One possible way of determining the natural orienta-
tion of magnetic moments, i.e. the easy axis direction, is
the measurement of the temperature-dependent suscep-
tibility χ shown in Fig. 3(c). Very early on,37 it has been
recognized that while χ‖(T ) (magnetic field applied par-
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FIG. 3. (a,b) Temperature dependent a and c lattice param-
eters of MnTe grown on two different substrates. The dashed
(dash-dot) line in (a) represents the measured temperature de-
pendence of the SrF2 (InP) substrate lattice parameter scaled
by
√
2 ∗ 1.01 (√2 ∗ 1.007). Note that the solid lines shown for
the case of MnTe on SrF2 are guides to the eye since measure-
ments around room temperature are hampered by overlapping
signals of the thin film and substrate. (c) Temperature de-
pendent susceptibility of 2.5 µm MnTe on SrF2 measured for
magnetic field applied in different directions. The diamag-
netic contribution of the substrate was subtracted. Dashed
lines show the mean-field susceptibility of a collinear uniaxial
antiferromagnet for the cases when the field is perpendicular
(χ⊥/green) and parallel (χ‖/black) to the easy axis. Insets
indicate the directions of the magnetic field with respect to
the crystal within the c-plane.
allel to magnetic moments) for a uniaxial antiferromagnet
drops to zero as T → 0, magnetic field applied in (any)
perpendicular direction gives a constant χ⊥(T ) = χ0 for
T < TN. Explicit form of χ0 as well as χ‖(T ) based
on Weiss theory can be found in Ref. 2. We show this
mean-field theory result for S = 5/2 and scaled to the
experimental data in Fig. 3(c) as dashed lines. Exper-
imental data for H||[0001] therefore confirm that mag-
netic moments lie in the basal plane. On the other hand,
since neither of the other two curves for H||[112¯0] and
H||[11¯00] approaches zero for low temperatures, we con-
clude that there is not one single easy axis (or in other
words, the sample is not uniaxial and therefore not in
a single domain state). The small difference between
these two curves suggests that the anisotropy within the
c-planes is small.
IV. NEUTRON DIFFRACTION
INVESTIGATIONS
Experiments at the CEA-CRG thermal neutron
diffractometer D23 at Institut Laue-Langevin in Greno-
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FIG. 4. Neutron diffraction structure factors measured ver-
sus temperature for the (a) magnetic (0001), (b) structural
(101¯0), and (c) mixed structural and magnetic Bragg peak
(101¯1). Black lines show the behavior close to the Ne´el tem-
perature described by the equation Amag (TN − T )c +Astruct,
where Ai denotes the amplitude of magnetic and structural
contribution and T the measurement temperature. The Ne´el
temperature TN = 309 K and the critical exponent c = 0.37
corresponds to the Heisenberg model.38
ble, France allowed us to determine the easy axis in MnTe
layers grown on SrF2. A monochromatic beam of neu-
trons with a wavelength of 0.127 nm was generated by a
Cu (200) monochromator. The sample was mounted in
a rotatable cryomagnet with temperature range of 5 to
305 K and magnetic fields up to 6 T along the sample ro-
tation axis. The diffraction geometry with two orthogo-
nal rotation axes of the detector allowed to access several
MnTe Bragg peaks sufficiently separated from those of
the substrate. In Fig. 4, we show the intensity of selected
diffraction peaks as a function of temperature. Since non-
polarized neutrons were used, the magnetic diffraction
intensity depends solely on the relative orientation of the
magnetic moments and the momentum transfer, and is at
maximum when the magnetic moment is perpendicular
to the momentum transfer. The shown variation of the
(0001) diffraction peak (Fig. 4(a)), which is structurally
forbidden in the paramagnetic phase, indicates that the
magnetic moment within the c-plane has a significant
value. In contrast to that a peak with momentum trans-
fer within the c-plane (see (101¯0) in Fig. 4(b)) shows no
magnetic contribution and therefore its intensity is vir-
tually independent of temperature. The variation of the
structure factors close to Ne´el temperature can be de-
scribed by the critical behavior of the Heisenberg model
with exponent c = 0.3738 and is shown as solid line in
Fig. 4. The ratio of intensities of the purely structural
and magnetic Bragg peaks can therefore be used to deter-
mine the magnetic moment of the Mn atoms. By compar-
ison with simulations using the FullProf Suite39 we find
a magnetic moment between 4.7 and 5 µB at low tem-
perature, which is in agreement with earlier studies13,15.
Such intensity ratios, however, cannot be directly used
to determine the in-plane orientation of the magnetic mo-
ments. When the sample is cooled in zero magnetic field
magnetic domains equally populate the various equiva-
lent crystallographic directions7,9 (cf. Fig. 5(a)) and the
sample appears to be isotropic in the c-plane. To break
this symmetry one can apply a strong in-plane magnetic
field above the spin-flop transition, to enforce domain
repopulation7. Such a field forces the moments in an ori-
entation nearly perpendicular to the applied magnetic
field and therefore the magnetic diffraction intensities
also do not contain the desired information about the in-
plane easy axis. However, when the strong applied field
is removed the domains with easy axis direction closest
to perpendicular to the field direction are preferentially
populated. For the case when an in-plane field is applied
perpendicular to one of the easy axis this means that do-
mains with this Ne´el vector orientation will be preferred
over the two other domains with Ne´el vector orientation
tilted by 30◦ with respect to the field direction. From the
difference of the domain repopulations for various mag-
netic field directions one can determine the easy axes
directions. Below we show that a magnetic field of 6 T is
sufficient to repopulate the domains since it triggers the
spin-flop transition. Neutron diffraction measurements
before (black) and after (red) the application of a mag-
netic field for various Bragg peaks and two field directions
are shown in Fig. 5(b-e). As magnetic field directions
we use the high symmetry directions within the c-plane,
namely the [11¯00] and [21¯1¯0] directions. Note that the
measurements before and after application of a magnetic
field were performed on the very same sample, which first
was mounted so as to have the field direction along [21¯1¯0]
and removed after the measurement of Fig. 5(b,c), heated
above Ne´el temperature and remounted to have the field
along [11¯00] to measure Fig. 5(d,e). The difference be-
tween the measurements before and after the field, i.e.
the signal corresponding to the remnant domain repopu-
lation, are shown as the green curves. It is this difference
which will be further quantified and analyzed in Tab. II.
Structure factors F were extracted from the mea-
surements using the software COLL540, which consid-
ers geometrical effects from the measurement setup, re-
sulting in different full width at half maximum values
for different Bragg reflections shown in Fig. 5. The
relative difference of structure factors before and af-
ter the application of magnetic field H: ∆ |FEXP| =(∣∣F after HEXP ∣∣− ∣∣F before HEXP ∣∣) / ∣∣F before HEXP ∣∣ is listed in Tab. II
for selected Bragg peaks and [21¯1¯0] and [11¯00] field di-
rection. In order to derive the easy axis direction we
further modeled the structure factors with FullProf for
two different easy axes directions. As potential easy axis
directions we consider two high symmetry directions: the
〈11¯00〉 direction indicated in Fig. 1(a) and the direction
perpendicular to it in-plane, i.e. 〈21¯1¯0〉. To derive the
simulated change of the structure factor ∆ |FSIM| we ad-
ditionally model the efficiency of the domain repopula-
tion after the application of a 6 T magnetic field.
As mentioned above the magnetic field leads to higher
population of the domain(s) with easy axis closer to the
field normal. Since the efficiency of this process is un-
known we considered it a free parameter in our model.
The domain population is described by three occupation
numbers, which add up to unity. Each occupation num-
ber corresponds to the occupation of a domain with Ne´el
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FIG. 5. (a) Effect of a strong magnetic field on the domain
population in MnTe thin films. After zero field cooling the
population of the three distinct magnetic domains is equal.
When a strong field, i.e. above the spin-flop field, is ap-
plied the canted magnetic moments (see inset) of all domains
align almost perpendicular to the magnetic field. After re-
leasing the field a higher population of the domain with the
easy axis close to perpendicular to the field direction remains
(orange domains in the sketch). (b-e) Neutron diffraction
curves recorded at a temperature of 5 K after zero field cool-
ing (black) and after application and removal of a magnetic
field of 6 T (red). The difference between the black and red
curves is shown multiplied by a factor of 4 in green. The
effect of the magnetic field is shown for two field directions
differing by 90 degrees. Insets in (b), and (d) show to orien-
tation of the magnetic field (blue arrow) within the c-plane
and indicate the direction of the primary neutron beam (black
arrow).
vector orientation along one of the three crystallograph-
ically equivalent axis within the c-plane. Taking into
account the field directions and considered easy axis di-
rections this means that we either equally favor or disfa-
vor two sets of domains. This means that one parameter
is sufficient to describe the domain repopulation in ei-
ther case. Since the two different field directions with
respect to the easy axes directions likely result in differ-
ent domain repopulation efficiencies, this means we have
two free parameters in the model. Within this model
the observed changes of the structure factors ∆ |FEXP|
in Tab. II can only be consistently explained when we
consider the easy axes to be along the 〈11¯00〉 directions
(cf. ∆
∣∣∣F 〈11¯00〉SIM ∣∣∣ in Tab. II). The two free parameters
describing the domain population thereby result in pop-
ulations of ∼ 40 : 30 : 30% and ∼ 39 : 39 : 22% for the
three distinct easy axes directions after the application
TABLE II. Relative change of the absolute value of the struc-
ture factor after the application of a 6 T field in the speci-
fied direction. The respective experimental data are shown
in Fig. 5. The simulated change for easy axes along 〈11¯00〉
and 〈21¯1¯0〉 is listed and the former simulation (highlighted)
agrees within error bars with experimental data.
peak H direction ∆ |FEXP| (%) ∆
∣∣∣∣F 〈11¯00〉SIM ∣∣∣∣ ∆ ∣∣∣F 〈21¯1¯0〉SIM ∣∣∣
(101¯1) [21¯1¯0] 1.27± 0.16 1.30% 1.30%
(011¯1) [21¯1¯0] −2.60± 0.08 -2.60 -2.60
(112¯1) [11¯00] −7.23± 0.30 -7.24 -7.21
(101¯1) [11¯00] −2.11± 0.08 -2.03 -1.22
of the field perpendicular and parallel to one easy axis.
In Fig. 5(a) the change of the domain population by the
application of a field perpendicular to an easy axis, which
leads to the increase of one population, and correspond-
ing decrease of the population of the two other domains
is qualitatively sketched. In agreement to Ref. 7 a sin-
gle domain state is unachievable at least after removal of
the magnetic field. The determined easy axes are con-
sistent with the susceptibility data measured by SQUID
(cf. Fig. 3(c)), which found the lowest susceptibility at
low temperature when the field is aligned along the [11¯00]
direction, or any other equivalent direction.
V. MAGNETOTRANSPORT
Since thick enough films for neutron diffraction can-
not be obtained for MnTe on InP(111) we employed an
alternative approach to determine the easy axis direc-
tions in this case. Using the crystalline contribution41
to the anisotropic magnetoresistance (AMR) the easy
axis can also be determined. Radial flow of electrical
current in Corbino disks suppresses the non-crystalline
components42 and the remaining crystalline contribution
∝ cos(6φ) due to the hexagonal symmetry of the mate-
rial serves as a straightforward detector of the Ne´el vec-
tor direction. Corbino contacts, sketched in the inset of
Fig. 6(a), were fabricated on MnTe thin layers (50 nm
thick) grown on InP by depositing gold contact rings us-
ing a lithographic lift-off process.
During an in-plane rotation of applied magnetic field,
also when its strength is above the spin-flop threshold,
the anisotropy makes the Ne´el vector lag behind the di-
rection perpendicular to the field when the former is lo-
cated near an easy axis. Consequently, deviations from
the cos(6φ) form can be observed in Fig. 6. This means
that, as soon as the Ne´el order can be influenced by ex-
ternal magnetic field, the easy axis can be determined
from such transport measurements. In Fig. 6(a) we show
the field direction dependence of the longitudinal resis-
tance for magnetic fields up to 10 T. While at low fields
almost no effect of a field rotation is observed, a domi-
nantly six-fold signal arises in stronger fields. Figure 6(b)
shows the variation of the cos(6ψ) contribution to the
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FIG. 6. (a) Longitudinal resistance traces during magnetic
field rotations in 50 nm MnTe on InP(111) for different field
strengths. An inset shows the Corbino disk measurement ge-
ometry, and three magnetic field directions are marked by
their crystallographic directions. (b) Variation of the ampli-
tude of the dominant cos(6ϕ) contribution to the resistance
change. The amplitude was determined using a Fourier de-
composition of the measured resistance change. (c,d) Zooms
to the minimum and maximum resistance values during the
field rotations. Maxima in (c) are narrower than minima in
(d).
AMR signal for different field strengths. The mentioned
contribution shows a clear onset just below 2 T and sat-
urates for fields above 6 T, indicating that all moments
rotate slightly canted aligned almost perpendicular to the
stronger fields. We note that the six-fold variation of the
resistance shows clear differences between the maxima
and minima of the resistance variation. As it is visi-
ble in Fig. 6(c,d) the minima always appear wider than
the maxima. This indicates that magnetic moments are
pushed towards the position of the minima in the resis-
tance by the in-plane anisotropy. Considering that the
magnetic field is nearly perpendicular to the moments we
infer that the easy axes are oriented along 〈11¯00〉. Note
that the difference between minima and maxima is de-
creasing in stronger fields as the MA is becoming smaller
relative to the external magnetic field.
VI. SPIN-FLOP FIELD MEASUREMENTS
In Fig. 7 we plot magnetic field dependent measure-
ments, revealing the spin-flop transition detected by var-
ious methods using both considered substrate materials.
Figure 7(a) shows the magnetization per Mn atom mea-
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FIG. 7. Magnetic field sweeps performed using different meth-
ods. (a) Magnetic moment per Mn atom of MnTe on SrF2
determined by SQUID for magnetic fields applied in various
directions. The diamagnetic contribution of the substrate was
subtracted. An inset shows the derivative of the magnetic mo-
ment by the magnetic field. For the in-plane measurements
distinct regions are detected which are distinguished by the
slope of m(T ). (b) Change of the longitudinal resistance in
MnTe on InP(111) measured in Corbino disk geometry vs.
magnetic field applied along the [21¯1¯0], [32¯1¯0], and [11¯00] di-
rections. (c-e) Normalized neutron diffraction intensity of the
(101¯1), (112¯1), and (0001) Bragg peak of MnTe grown on
SrF2 during a magnetic field sweep with field along the [11¯00]
direction.
sured by a SQUID magnetometer when strong magnetic
fields are applied. As expected for an antiferromagnet,
the magnetization of the sample is mostly compensated
and only a fraction of Bohr magneton µB is detected even
above the spin-flop transition. When the field is applied
in the out-of-plane c-direction, a featureless linear trace
is observed, while for in-plane field small changes of the
slope appear (best visible in the inset), indicating the
spin-flop transition. Since our system comprises multiple
domains and three in-plane easy axis directions the traces
deviate from the more common spin-flop signals in uni-
axial antiferromagnets43,44. However, the characteristic
features with smaller slope below the spin-flop field and
a higher slope above the spin-flop field are clearly visible
in our data. Note that as expected for an antiferromag-
netic material, the slope of the traces at high fields when
extrapolated to zero crosses through zero, which excludes
any ferromagnetic contribution. The net magnetization
of ∼ 0.04µB/Mn at the highest field of 6 T corresponds
to a canting angle smaller than 1◦.
Field dependent neutron diffraction intensities shown
in panels Fig. 7(c-e) confirm the spin-flop field as ob-
served by the SQUID magnetometer. Similar to the
SQUID measurements, different regions in Fig. 7(c,d) can
be identified (indicated by gray background color). At
small fields (below 0.5 T) and above ∼ 1.5 T the in-
tensities are rather constant while up to 40% changes
are observed between 0.5 and 1.5 T. This shows that a
8certain field needs to be overcome to start the reorienta-
tion of the moments. Once the reorientation is complete
no changes occur in the neutron diffraction intensities
since in contrast to SQUID neutrons are not sensitive
enough to detect the small magnetic moment induced by
the canting of the two magnetic sublattices. It is impor-
tant to note that the magnetic diffraction peak (0001)
is unaffected because the magnetic moments remain in
the basal plane and therefore are always perpendicular
to the momentum transfer. This again confirms that the
[0001] direction is the hard axis of the system in agree-
ment with our theoretic predictions and magnetic sus-
ceptibility measurements in Fig. 3.
Magnetic field sweeps in transport measurements
shown in Fig. 7(b) also show significant changes asso-
ciated with the spin-flop. Instead of the reorientation of
moments between ∼ 0.5 and 1.5 T, as seen by neutron
diffraction and SQUID, the onset of AMR in these mea-
surements is located between ∼ 2 and 6 T. This large
change implies that MA in both samples are different
since the spin-flop field is proportional to square root of
the MAE.45 Note that the sample used in these trans-
port studies was grown on InP(111) which causes differ-
ent strain. Although the easy axis directions determined
from neutron diffraction for films grown on SrF2 are
found to be the same as the ones determined from AMR
for films on InP, the strength of the in-plane anisotropy
is different. On InP the tensile strain in MnTe at low
temperature (mostly due to thermal expansion coefficient
mismatch) causes a bigger magnetic anisotropy, resulting
in a higher spin-flop field for those samples.
VII. CONCLUSION
Our neutron diffraction, magnetometry, and magne-
totransport measurements in combination with DFT+U
calculations confirm that antiferromagnetic NiAs-type
MnTe thin layers are magnetically an easy plane ma-
terial. Within the hexagonal basal plane, the magnetic
anisotropy is considerably smaller than the out-of-plane
anisotropy and moreover, can be engineered by choosing
suitable substrate and working temperature. For MnTe
films on InP and SrF2 at low temperatures, the easy axis
is [11¯00] (or any of the other two crystallographically
equivalent directions). The strain induced by the ther-
mal expansion coefficient mismatch on InP causes ten-
sile strain within the c-plane and results in significantly
higher spin-flop fields. Onsets of the spin-flop transition
change from ∼ 0.5 T for films grown on SrF2 to ∼ 2 T
for films grown on InP. The moderate spin-flop field al-
lows to repopulate magnetic domains even in the antifer-
romagnetic state, which was exploited to determine the
easy axis direction from neutron diffraction. The small
in-plane anisotropy opens up the possibility to vary the
resistance of the material almost continuously due to the
AMR effect7. This together with its simple collinear mag-
netic structure makes MnTe a favorable model system to
test antiferromagnetic spintronics phenomena.
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